cally, although it is favored thermodynamically. However, x-ray scanning reveals that the volume fraction in the fan above the sediment increases smoothly with depth, passing through the phase boundary at + = 0.50 while the particles remained dispersed. For the 0.31-[tm particles at + 0.53, the chemical potential of the disordered phase exceeds that of the ordered phase sufficiently to produce a crystallization rate equal to the kinematic velocity; hence, the transition produces a coexisting crystalline phase with k -0.60. For the 0.43-pLm particles, the maximum crystallization rate apparently falls below the growth rate of an amorphous sediment for the volume fractions reported here and crystallization does not occur. Thus, for these initial volume fractions there exists a maximum size above which particles settle too rapidly to find sites on a crystal lattice, resulting in amorphous sediments.
Hydrophobic Organization of Membrane Proteins

D. C. REES,* L. DEANTONIG, D. EISENBERG
Membrane-exposed residues are more hydrophobic than buried interior residues in the transmembrane regions of the photosynthetic reaction center from Rhodobacter sphaeroides. This hydrophobic organization is opposite to that of water-soluble proteins. The relative polarities of interior and surface residues of membrane and water soluble proteins are not simply reversed, however. The hydrophobicities of interior residues of both membrane and water-soluble proteins are comparable, whereas the bilayerexposed residues of membrane proteins are more hydrophobic than the interior residues, and the aqueous-exposed residues of water-soluble proteins are more hydrophilic than the interior residues. A method of sequence analysis is described, based on the periodicity of residue replacement in homologous sequences, that extends conclusions derived from the known atomic structure of the reaction center to the more extensive database of putative transmembrane helical sequences.
T HREE-DIMENSIONAL
PROTEIN
structures reflect a favorable energetic balance between protein-protein and protein-solvent interactions. For watersoluble proteins, polar and charged residues are often on the surface, whereas apolar residues tend to occur in the interior (1-6). The hydrophobic organization of membrane proteins is less well understood, although models of membrane protein structures (7, 8 ) make use of the hydrophobic transmembrane c( helix and an "inside-out" pattern of residue hydrophobicity in which the interior residues are more polar than the membrane-exposed surface residues (9). The availability of atomic structures for bacterial photosynthetic reaction centers (RCs) (10) (11) (12) 
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described for the RC from Rhodobacter sphaeroides. Based on these observations, a method of analysis of homologous sequences is proposed that may be generally useful in assigning interior and surface (membrane-exposed) residues of transmembrane helices from sequence information. Application of this method to a variety of membrane-protein families is described.
The RCs from purple bacteria consist of three membrane-bound subunits, containing a total of 11 transmembrane a helices. The position in the membrane of the RC from Rb. sphaeroides was proposed (13) with the use of a hydrophobic free energy function (14) to establish the orientation of most favorable interaction between the RC and a nonaqueous phase. Amino acids located in the nonpolar region of the membrane were assigned (13) to one of three classes: buried, semi-exposed, and exposed residues, which were defined as having >80%, 50 to 80%, and <50%, respectively, of their accessible surface area in an isolated helix buried upon association of that helix in the RC structure. The average residue hydrophobicity in each class, (h), may be determined from the amino acid composition of each class, combined with a measure of the hydrophobicity of each residue, from the relation:
where ci is the molar fraction of the ith amino acid in a particular class, hi is the residue hydrophobicity, and the sum is over all 20 amino acids. Values for hi are assigned from the consensus hydrophobicity scale of Eisenberg et al. (15) . The average residue hydrophobicities for the buried, semi-exposed, and exposed classes are 0.19, 0.31, and 0.48, respectively (Table 1) . Increasing apolarity is associated with more positive hydrophobicity values, so that buried residues in the membrane-spanning region of the RC are less hydrophobic than exposed residues. The greater hydrophobicity of exposed residues of the membrane-spanning helices in the RC structure is not sensitive to the precise definition of exposed and buried. Chothia (4) defined buried residues in water-soluble proteins as those having <5% of their surface accessible to solvent. With this criterion, average residue hydrophobicities for buried and surface residues in the transmembrane region of the RC from Rb. sphaeroides were 0.22 and 0.36, respectively (Table 1) . Although the definition of buried and surface residues differs from that used above, consistent results for the relative hydrophobicities of these two classes are observed.
For purposes of comparison, the average hydrophobicities of buried and surface residues (as defined by the 5% surface area criterion) in water-soluble proteins of known structure were determined from values of ci tabulated in (6) for 37 monomeric and 23 oligomeric water-soluble proteins. The average residue hydrophobicities (Eq. 1) for buried residues were 0.24 and 0.19 and for surface residues were -0.25 and -0.28, for monomeric and oligomeric water-soluble proteins, respectively ( Table 1) . Comparison of these values to those determined for the RC reveals that the average residue hydrophobicities for buried residues are nearly identical for the two classes of proteins. In contrast, the surface residues of water-soluble proteins are more polar than the interior, whereas the surface residues in the RC are more apolar than the interior. The gradient of hydrophobicity between buried and surface residues is opposite for water-soluble and membrane proteins. There is not, however, a simple reversal of polarity for buried and surface residues in that the interior regions of both classes of proteins exhibit comparable hydrophobicities.
Since the database for membrane proteins Table 2 . Membrane-protein families used in the sequence analysis described in the text. Sequence alignments and identification of potential transmembrane helices were based on assignments proposed in the references. Residue boundaries for a representative sequence of each helix are presented in Table 3 . Some adjustments were made with the programs BESTFIT and PROF-MAKE (22) Table 2 .Anl(dges contains only one family of three-dimensional structures (RCs), it is desirable to extend this analysis to include extensive sequence information available for a larger set of membrane proteins. Locations of transmembrane-spanning (x helices in sequences of homologous proteins have been tenatively assigned by others from hydropathy analyses (7). Estimates of the exposed and hydrophilic surfaces of these putative helices may be determined from sequence information, as described below. Comparison of the relative positions of the exposed and hydrophilic helical surfaces may then be used to address the generality of the hydrophobic organization observed in the RC structure. The exposed and hydrophilic surfaces of 35 potential transmembrane helices from six membrane protein families were determined as follows. Sequence alignments of the families were obtained from the literature (Table 2) (16) (17) (18) (19) (20) (21) (22) . Positions in these sequences of the most exposed and most polar residues were assigned by two related methods. For both calculations, a simple model treating the assumed cx helix conformation as a cylinder was used (Fig. lA) . Lines running parallel to the helix axis representing the positions of greatest residue exposure or polarity are identified from sequence information, and may be used to divide each cylinder into two regions of equal area for classification purposes. This model for dividing up every helix surface into exposed or polar regions is simplistic; in the absence of structural information, however, a more detailed model would not be justified.
Membrane-exposed residues in the transmembrane helices of the RC are less well conserved among homologous proteins than the interior residues (13). Surface residues are more variable than buried residues in water-soluble proteins as well (23) Table  3 , j values and the most variable positions in a representative sequence for each of the 35 transmembrane helices are listed. In view of the correlation between variable and exposed residues in the RC structure, we assume that these positions define the membrane-exposed side of a helix. The most hydrophobic side in a transmembrane helix may be determined by replacing the Vj in Eq. 2 with the average residue hydrophobicity for all the residues observed at a position j. This calculation is equivalent to determining the orientation of the hydrophobic moment (25) about the helix axis. The amphiphilic index H (26), which is analogous to ki, characterizes the strength of the helical periodicity in the hydrophobicity pattern. The hydrophilic positions are displaced from the hydrophobic positions by half the helical repeat, or 1.8 residues (see Table 3 ).
If the hydrophobic organization of the RC structure-the more hydrophilic helical surface being opposite the more exposed surface-is general in membrane proteins, then the same result should be found for other transmembrane helices. The relative orientations of the exposed and hydrophilic surfaces about the helical axis are determined from the absolute difference between the most variable and most hydrophilic residue positions. This difference can be converted to an angular rotation about the helix axis (multiplying by w = 1000), yielding the histogram in Fig. 1B for the 35-transmembrane helices listed in Tables 2 and 3 . The exposed and hydrophilic surfaces tend to be on opposite sides of membrane-spanning helices. The average angle between the ex- Table 3 . Characterization of the variability and hydrophobicity properties of representative sequences from 35 transmembrane helical segments. 4 and H characterize the helical periodicity of the variability and hydrophobicity profiles, respectively, of these segments; HL and HB are the average hydrophobicities of residues assigned to the hydrophilic and hydrophobic surfaces, respectively, of the sequences (see text). Hemoglobin helices are included as representative water-soluble protein sequences. Additional "most variable" and "most hydrophilic" positions (in residue number) may be generated by the addition of integer multiples of 3.6 residues (the helix repeat) to the positions listed in the Average residue hydrophobicities for the surface and interior regions of transmembrane helices may also be derived from sequence alignments by using the correlation that surface residues constitute the more hydrophobic helical face, whereas buried residues constitute the more polar helical face. Amino acids within 1/4 helical turn (0.9 residues) of the most hydrophilic positions are classified as interior residues (for membrane proteins), whereas the remaining positions are classified as surface residues (Fig. 1A) . The resulting amino acid compositions may be used in Eq. 1 to determine average residue hydrophobicities of 0.34 and 0.15 for the surface and interior helical faces, respectively (Tables 1 and 3) , of the transmembrane sequences in Table 2 . A similar analysis of (x helices in hemoglobin yields average residue hydrophobicities for the surface and interior faces of -0.26 and 0.17, respectively (Tables 1 and 3 ). These analyses of helical sequences support the observations from the Rb. sphaeroides RC structure that the average hydrophobicity of interior facing residues is comparable for both water-soluble and membrane proteins. This general trend does not, however, exclude the presence of helices in the transmembrane region with polar groups having specific structural or functional purposes; the S4 helix of the Na,Ca ion channel (Table  3) may represent one such example.
Previously, similarities in such structural features as surface area and atomic packing between the RC and water-soluble proteins have been described (13) . The equivalence of residue hydrophobicity in the interiors of water-soluble and membrane proteins further supports a unifying view of protein structure in which the structural organization of water-soluble and membrane proteins reflect variations on the same themes (24). In particular, membrane and watersoluble proteins exhibit comparable interior characteristics and differ primarily in the chemical polarity of the surface residues that serve to solubilize these proteins in the appropriate enrivonment. An implication of this view is that van der Waals forces among the many atoms in the close-packed interiors of both membrane and water-soluble proteins are crucial for protein stability.
Understanding the cause of differences among general circulation model projections of carbon dioxide-induced climatic change is a necessary step toward improving the models. An intercomparison of 14 atmospheric general circulation models, for which sea surface temperature perturbations were used as a surrogate climate change, showed that there was a roughly threefold variation in global climate sensitivity. Most of this variation is attributable to differences in the models' depictions of cloud-climate feedback, a result that emphasizes the need for improvements in the treatment of clouds in these models if they are ultimately to be used as climatic predictors. (1, 2) . The reasons for these differences are not fully understood, but variations in how cloud-climate feedback processes are simulated in the various models are thought to be largely responsible (3); cloud feedback is dependent on all aspects of a model and not just on cloud formation parameterizations. Clearly there is a need to isolate and to understand better cloud feedback mechanisms in GCMs, and, more specifically, to determine if they are a significant cause of intermodel differences in recent climatechange projections. Consequently we have made an intercomparison of cloud feedback in 14 atmospheric GCMs as part of a larger study directed toward improving GCMs and climatic projections.
Many facets of the climate system are not well understood, and thus the uncertainties in modeling atmospheric, cryospheric, and oceanic interactions are large. In evaluating the differences among models, we have focused first on atmospheric processes, because these uncertainties must be understood before others can be addressed. For simplicity, we have emphasized solely global-average quantities, and we adopted the conventional interpretation of climate change as a two-stage process: forcing and response (4) The global-mean direct radiative forcing, G, of the surface-atmosphere system is evaluated by holding all other climate parameters fixed. It is this quantity that induces the ensuing climate change, and physically it represents a change in the net (solar plus infrared) radiative flux at the top of the atmosphere (TOA). For an increase in the CO2 concentration of the atmosphere, G is the reduction in the emitted TOA infrared flux resulting solely from the CO2 increase, and this reduction results in a heating of the surface-atmosphere system. The response
